Abstract. This study aimed to estimate the organ dose reduction potential for organ-dose-based tube current modulated (ODM) thoracic computed tomography (CT) with a wide dose reduction arc. Twenty-one computational anthropomorphic phantoms (XCAT) were used to create a virtual patient population with clinical anatomic variations. The phantoms were created based on patient images with normal anatomy (age range: 27 to 66 years, weight range: 52.0 to 105.8 kg). For each phantom, two breast tissue compositions were simulated: 50∕50 and 20∕80 (glandular-to-adipose ratio). A validated Monte Carlo program (PENELOPE, Universitat de Barcelona, Spain) was used to estimate the organ dose for standard tube current modulation (TCM) (SmartmA, GE Healthcare) and ODM (GE Healthcare) for a commercial CT scanner (Revolution, GE Healthcare) using a typical clinical thoracic CT protocol. Both organ dose and CTDI vol -to-organ dose conversion coefficients (h factors) were compared between TCM and ODM. ODM significantly reduced all radiosensitive organ doses (p < 0.01). The breast dose was reduced by 30 AE 2%. For h factors, organs in the anterior region (e. g., thyroid and stomach) exhibited substantial decreases, and the medial, distributed, and posterior region saw either an increase of less than 5% or no significant change. ODM significantly reduced organ doses especially for radiosensitive superficial anterior organs such as the breasts.
Introduction
Computed tomography (CT) usage has grown substantially in the past decades, and CT is now widely used for the diagnosis of a broad range of diseases. In 2016, ∼82 million CT exams were performed in the United States. 1, 2 Consequently, the growing number of CT procedures has raised concerns about population-based radiation risk. 3 To reduce unnecessary radiation dose, manufacturers, researchers, and healthcare providers in the CT community have been developing dose optimization techniques. 4 The breast is particularly vulnerable to radiation-induced cancer. 5, 6 In thoracic CT, the breasts are directly exposed to x-rays despite not being diagnostically relevant. [7] [8] [9] [10] To reduce breast dose while maintaining the image quality for diagnostically relevant organs such as lungs and heart, the organ-based tube current modulation (OTCM) technique is typically used. 11, 12 OTCM reduces the tube current (mA) by 75% to 80% over a 120-deg arc anterior of the patients (referred to as the dose-reduction zone) and the reduced mAs was evenly divided and added to the remaining projections within each rotation (referred to as the dose-increase zone) to maintain the same CTDI vol (X-CARE, Siemens Healthcare, Forchheim, Germany). However, the breasts can be located beyond the 120-deg arc, and on average, extend to the dose-increase zone, compromising the overall breast dose reduction from TCM to OTCM. 13 Moreover, most of the breast tissue in the dose-increase zone is the outer quadrant, in which most breast carcinomas first develop. [14] [15] [16] Additionally, the posterior or distributed radiosensitive organs see dose increase with OTCM. Notably, the bonemarrow and kidney doses can increase by 10% and 7%, respectively.
Recently, a new organ-dose-based tube current modulation (ODM) (GE Healthcare) technique was introduced, in which the mA, based on TCM, is reduced by 40% over about a 180 deg arc anterior to the patients without a corresponding increase posteriorly. ODM compared to TCM has been shown to reduce both the breast dose as well as dose to other organs; for example, the spine dose was reduced by 6% compared to TCM. 17 Prior studies have included only a small patient population (10 females) with six organ types considered. 17 The purpose of this study was to extend the evaluation of the dose reduction potential of ODM under a presentation of clinical population variations (21 anthropomorphic phantoms; XCAT) with 44 explicitly modeled radiosensitive organs. A recent commercially available clinical CT scanner (Revolution, GE Healthcare) was modeled and the organ doses were simulated and compared between TCM and ODM. The CTDI vol -toorgan dose conversion coefficients (h factors) were derived and compared between TCM and ODM to isolate the effect of total photon flux.
Materials and Methods

Computational Phantoms
Twenty-one female four-dimensional extended cardiac-torso (XCAT) computational phantoms were used in this work (Fig. 1) . The phantoms were developed based on normal female patient chest and abdomen-pelvic or chest-abdomenpelvic CT images acquired at Duke University. 18 The patients were selected within the age range of 27 to 66 years and weight range of 52.0 to 105.8 kg to provide variable and clinically relevant anatomy, and their age and weight values were assigned to corresponding XCAT phantoms. Figure 2 shows the BMI versus age for this patient cohort. The phantoms were voxelized at a resolution of 3.45 mm for the Monte Carlo simulations. 19 For Monte Carlo simulations, each organ was assigned one of four materials explicitly described in previous publications: soft tissue, lung, skeleton, and 50∕50 breast (composed of 50% glandular and 50% adipose tissue). 20 Additionally, in this study, we also simulated 20∕80 (glandular-to-adipose ratio) breasts to represent the clinical average. 21, 22 The dose of the 20∕80 breasts was compared to that of the 50∕50 breasts.
CT Models
In our previous study, we developed a Monte Carlo program to simulate the radiation transport in CT scanners. 20 The simulation package utilized PENELOPE as a subroutine to track the energy loss of photons (PENELOPE, version 2006; Universitat de Barcelona, Barcelona, Spain) 23, 24 and was validated using physical cylindrical and anthropomorphic phantoms. 20 In this study, the PENELOPE-based Monte Carlo simulation package was used to simulate organ dose. A commercial CT scanner (Revolution CT; GE Healthcare, Waukesha, Fig. 1 Frontal view of the female XCAT phantoms. Wisconsin) was simulated with explicitly modeled scanner geometry, x-ray source spectrum, and bowtie filtering with parameters provided by the manufacturer. A typical chest CT protocol was simulated using 120 kVp, a pitch factor of 0. The standard attenuation-based tube current profile (referred to as mA TCM ) (SmartmA; GE Healthcare, Waukesha, Wisconsin) was generated for each phantom. This simulated real time mA calculation based on AP and LAT radiographies. 19 The line integral of attenuation coefficients from the source to the detector was calculated for each ray μdðθ; rayÞ. 19 The maximum μdðθ; rayÞ of a projection was used to calculate this projection's body attenuation e μdðθÞ . 19 The mA TCM ðθÞ values at AP and LAT directions are proportional to body attenuation as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 9 9 mA TCM ðθÞ ¼ mA 0 e μdðθÞ ;
where mA 0 is a fixed mA. mA TCM ðθÞ at other projection angles were calculated through sinusoidal interpolation, using mA TCM ðθ ¼ APÞ and mA TCM ðθ ¼ LATÞ as minimum and maximum values of one rotation, respectively. The mAs were truncated to 700 mA according to system mA limits. The organ-dose-based TCM profile (referred to as mA ODM ) (GE Healthcare, Waukesha, Wisconsin) was generated by reducing the mA TCM ðθÞ by 40% for projection angles within the dose reduction zone with the mA TCM at other angles kept constant. As shown in Fig. 3 , the dose reduction zone was defined as ∼180 deg anterior to the patient. Per communication with the manufacturer and illustrated by Gandhi et al., 17 the transition of mA ODM between the dose reduction zone and the unreduced dose zone (mA bump down and bump up) was modeled as a linear gradual change. The gradual change was modeled to take 5% of the rotation time starting at the transition. The mA TCM and mA ODM profiles for a sampled scan length from a sample phantom are shown in Fig. 4 .
Organ Dose Estimation
Each scan simulation initiated and tracked 5 × 10 8 x-ray photons to achieve organ dose (d o ) measurements with 1% or less relative error for each organ dose (except for ovaries and vagina doses, which had 3% or less relative error). The energy deposited within each organ was tallied to calculate organ dose. The breast dose from 50∕50 and 20∕80 breasts was obtained by separate simulations. Organ dose differences were calculated between ODM and TCM. Since ODM decreased mAs (and consequently CTDI vol ) by 20% compared to TCM, 25 in order to isolate the influence of CTDI vol and compare the net effect of modulation, the organ dose was normalized by CTDI vol to derive the so-called h factors (h o ). The effect of breast mass on ODM breast dose reduction was analyzed. The correlation coefficients were calculated between breast dose∕h factors reduction and breast mass. Further, the phantoms were evenly divided into three groups according to breast mass (group 1: ≤1.1 kg; group 2: 1.1 ≤ 2 kg; group 3: >2 kg). The group means of breast dose reduction were compared by one-way analysis of variance.
The organs were classified into anterior, medial or distributed organs, and posterior organs depending on the location with regard to the aorta and inferior vena cava.
The effective dose was calculated as the sum of organ dose multiplied by the respective tissue weighting factors (ICRP 103). To include all radiosensitive organs specified by ICRP 103, the doses for organs not explicitly modeled were approximated by neighboring organ doses. Specifically, the salivary glands, extrathoracic region, and oral mucosa doses were approximated by the larynx-pharynx dose. The lymphatic nodes and muscle doses were approximated by the body dose, which included both fat and muscle tissues. These five tissue types exhibited small contributions to the effective dose due to low tissue weighting factors (ICRP 103).
The effective dose attributed to each organ was estimated by the product of organ dose and effective dose weighting coefficients (ICRP 103), averaged across patients, and normalized by TCM effective dose as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 1 0 1 where o ∈ fall radiosensitive organsg, p ∈ fTCM; ODM ðsame CTDI vol Þ; ODMg, d o;p is an organ dose w o is the ICRP 103 effective dose weighting coefficient, N is the total number of phantoms, and ED TCM is the TCM effective dose. This method was adapted from a previous study. 25 
Results
Breast Geometry Versus Dose Reduction Zone
Across the 21 phantoms, the average breast volume for both breasts (combined) was 1785 AE 935 cm 3 . On average, 98.7 AE 4.7% of the breast volume was within the dose reduction zone. In 16 phantoms, 100% of the breast was within the dose reduction zone, whereas for the remaining five phantoms, 0.3% to 22% of the breast lay outside the dose reduction zone.
The Figure 5 shows the breast dose and h factors of the 50∕50 and 20∕80 breasts corresponding to the TCM and ODM scans. Figure 6 shows dose distribution plots from a sample XCAT patient (transverse plane) corresponding to TCM, ODM, and ODM with the same CTDI vol as TCM. The average 50∕50 breast dose was 8.8 AE 4.7 and 6.2 AE 3.3 mGy for TCM and ODM, respectively. Compared to TCM, ODM showed a 30 AE 2% reduction in breast dose and a 15 AE 2% reduction in h factors.
Breast Dose
In terms of breast composition, 20∕80 breasts showed 12 AE 2% lower dose compared to the 50∕50 breasts in both TCM and ODM scans. The percentage of breast dose reduction by ODM was similar for 50∕50 and 20∕80 breasts. Due to this similarity, only simulations with 50∕50 breasts were presented in the remainder of the study.
Breast Dose Reduction Versus Breast Size
No significant correlation was found between the reduction of breast dose and breast size (R ¼ −0.17, p ¼ 0.45) or the reduction of breast h factor and breast size (R ¼ −0.36, p ¼ 0.11). No statistical significant difference was found among the three groups of different breast sizes for the reduction of breast dose (p ¼ 0.97) or breast h factors (p ¼ 0.66).
Other Organ Doses
Figure 7(a) shows the cross-patient average of organ dose differences between ODM and TCM. Compared to TCM, ODM significantly reduced all radiosensitive organ doses (all, p < 0.05). As expected, this dose reduction was more prominent in anterior organs than in posterior organs. For anterior organs, ODM reduced organ doses by more than 20%. Notably, thyroid and thymus doses were reduced by 28% and 26%, respectively. For posterior organs such as kidneys and spleen, the organ doses were reduced by 15% to 16%. The medial/distributed organs showed dose reduction between that of anterior and posterior organs, with an across-patient average dose reduction range of 15% to 20%. Figure 7 (b) shows the cross-patient averaged differences of h factors between the ODM and TCM scans. The anterior organ h factors significantly decreased by 5% or more (all, p < 0.05). The medial/distributed organs showed h factors reduced by 2% (all, p < 0.05), except the skin dose, which remained almost constant (0.1% reduction). All posterior organ h factors showed dose increases of 2% to 4% (all, p < 0.05).
Compared to TCM, ODM reduced the effective dose by 23 AE 1%. When normalized by dose length product (i.e., CTDI vol × scan length, DLP), the reduction was 7 AE 1%. Figure 8 shows the product of organ dose and effective dose weighting factor divided by TCM effective dose. Only the organs with C o;p greater than 2% are shown in descending order. For TCM scans, one quarter of the effective dose was attributed to the lungs, which was the highest of all organs considered. Compared to TCM, ODM reduced the C lung by 5 AE 0%. The breasts had the most prominent C breast reduction due to ODM by 7 AE 0.4%. ODM reduced C breast by 4 AE 0.2% when ODM had the same CTDI vol as TCM. Other radiosensitive organs not shown in Fig. 6 consisted of a total contribution of 10.5%, 10.2%, and 8.3% for TCM, ODM with the same CTDI vol , and ODM scans, respectively. In this study, we evaluated a commercially available organ-dosebased tube current modulation technique (ODM), which has a dose reduction zone of ∼180 deg, with the reduced tube current not further compensated by increasing the mA in posterior projections. We found that ODM on average covered 98.7 AE 4.7% of the breasts tissue volume within the dose reduction zone. ODM showed significant dose reductions compared to TCM: the breast dose reduced by 30%, and other organ doses decreased by 10% to 30%. When the same CTDI vol was used, ODM reduced breast dose by 15%, and all other anterior organ doses by 5% to 12%. In this study, ODM significantly reduced the effective dose by 23 AE 1% and DLP-normalized effective dose by 7 AE 1%. This result was consistent with an anthropomorphic physical phantom study, by which the effective dose was reduced by 5.3% using matched CTDI vol by Dixon et al. 25 The authors further reported the effective dose reduction attributed to each organ, with a high fraction of the overall effective dose reduction attributed to the breasts. The effective dose was less influenced by the posterior organs, despite seeing increased organ doses, because most of the radiosensitive organs susceptible to the dose variations are located anteriorly. 25 Besides ODM, OTCM is also a commercially available radiosensitive-organ-dose optimization technique. OTCM reduces the tube current (mA) by 75% to 80% over a 120-deg arc anterior to the patients, thus, compared to ODM, OTCM has a higher reduction of mA with narrower angular range. Directly comparing ODM and OTCM may be challenging 17 because these techniques are based on different standard TCM techniques. OTCM is based on longitudinal (z-) TCM while ODM is based on angular and longitudinal TCM. Moreover, the standard TCM could use different modulation strengths. Comparing ODM/OTCM with the corresponding vendor's standard TCM with the same CTDI vol , ODM and OTCM reduced the breast dose on average by 15% and 19%, respectively. 26 In terms of image quality, reported in physical phantom studies, neither OTCM nor ODM show any detrimental effect, compared to standard TCM. The advantage of ODM is that it has a wider angular dose reduction range, so that most of the breast tissue is within the dose reduction zone. OTCM may potentially be used with a breast positioning technique that constrains most of the breast tissue within the dose reduction zone. In a previous simulation study, we evaluated the dose reduction potential of a sports bra with padded foam. 27 OTCM with this breast positioning technique showed decreased breast dose by ∼38% compared to standard TCM. However, a clinical study in follow up to the simulation is required to evaluate the comfort and cost of this technique along with the effect on image quality.
The effect on image quality due to ODM was not evaluated in this study. Theoretically, ODM reduced 40% of mA across ∼180 deg anterior arc and resulted in a reduction of 20% of CTDI vol , and consequently, an 11.8% increase in noise. 25 Compared to a fixed mA, ODM has shown increased noise by 14% and 1.6% with and without matched CTDI vol , respectively. 25 When same CTDI vol was used, Dixon et al. did not observe changes in noise texture using phantom studies. 25 In terms of image uniformity, the ODM technique showed less than 1 HU difference in absolute CT number compared to fixed mA. 25 With reduced mA, a potential artifact with ODM could be introduced by photon starvation especially in the shoulder region or for patients with metal implants in clinical cases, 25 which will be evaluated in future work.
The detailed behavior of mA modulation is complex and proprietary. 28 In this study, the mA was generated based on a ray-tracing program and refined by predictable physical features. For example, the maximum mA was constrained by protocol's maximum mA limitation. The mA ODM between the dose reduction and unchanged zones was modeled using a gradual change. However, other mA behaviors were not characterized.
For example, Li et al. observed that the mA was relatively high at the transition between the lung and abdominal regions from studies conducted by Khatonabadi et al. 19, 29 Li et al. also reported that the mA may not strictly follow the attenuation of the patients at the beginning stages of the scan. 19, 29 With these complexities, a separate study is warranted to model the actual TCM profile.
Unlike h factors in fixed mA, which can be generalized to other CT systems, h factors under TCM are less generalizable and are dependent on the TCM scheme. In this study, the h factors were used to isolate the influence of CTDI vol (thus, total photon flux) between TCM and ODM, and thereby evaluate the net effect of modulation on dose reduction. Additionally, h factors differences between ODM and TCM represent dose differences with more similar image quality. Using physical phantoms, Dixon et al. reported that ODM with the same CTDI vol as TCM showed a slight noise increase of 1.6 AE 0.6%, whereas ODM without adjusting CTDI vol increased noise by 14.3 AE 2.2%.
25
There are several limitations in this study. First, all analyses were performed considering only one scanner and tube current modulation scheme. Prior studies have evaluated the effect of OTCM on other scanners (e.g., Optima, GE Healthcare) 25 and other organ-based TCM schemes (e.g., XCARE, Siemens Healthcare). 11, 30, 31 Second, the glandular tissue distribution was not explicitly modeled and, in our simulation, it was assumed to be uniformly distributed in the breast. Glandular tissue is sensitive to radiation-induced cancer. 32 Estimating glandular dose reduction potential using ODM is warranted in future work. Finally, the image quality was not evaluated in this study. Generally, using ODM results in noise increases of more than 10%. 25 Clinical studies are required to evaluate the effect of increased noise on the diagnostic outcome of the scans.
Conclusion
In this study, we evaluated the organ dose reduction potential with organ-dose-based tube current modulation with a wide dose reduction angle. This angular range was sufficient to cover the whole breast extension for a majority of the patients. This technique shows strong potential in reducing organ dose for most of the radiosensitive organs. Gregory M. Sturgeon is a mechanical engineer specializing in geometric and computational modeling of anatomical structures with particular interest in deformable breast models, texture synthesis, and cardiac modeling.
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